has increased drastically over the last decades and the expectations regarding the societal and economic benefits of R&D as a natural effect of investment are greater than ever. Although Romania has implemented some of the most up-to-date concepts and strategies in the R&D field, the results are still modest and far below expectations, the country ranging last places among international scoreboards.
INTRODUCTION
The core of the scientific, "soft" power of any nation is (or should be) the research, development and innovation system, and the way in which a state or a society approaches this area directly and precisely transmits the attitude that that state or that society has regarding its development towards to so-called "knowledge-based society".
Science, the general term for a multipolar research, development and innovation landscape, is indisputably acknowledged as a key feature of sustainable development, since it allows us to comprehend and tackle present and future societal, economic and technological issues and challenges. This is why the investments in R&D will continue their growing trend this year (+3.6% as compared to 2018), with the United States and China being the "classic" leaders in this field, followed at great distance by Japan, Germany and South Korea (R&D Magazine 2019). More than two-thirds of these investments are coming from the private sector and roughly one fifth is estimated to be dedicated towards basic or fundamental research, thus showing an increasing preoccupation towards the opportunities and challenges of tomorrow.
As a consequence, there is no surprise that the above-mentioned countries are a constant presence as the leaders of international scoreboards of R&D quality (often measured by the so-called h-index, a citation metric which evaluates the impact and productivity of the scientific output of a R&D entity, e.g. scientist, institution or country (Jones, 2011) as indicated by Scimago Journal & Country Rank (2019).
The same ranking places Romania on the 45 th position in the world (6 th in Eastern Europe), following Iceland, Malaysia and Slovenia. The best performing Romanian scientific areas are (according to the worldwide h-index by scientific area as defined by Scimago): engineering, mathematics, chemistry and chemical engineering, medicine, physics and astronomy, computer science, materials science, biochemistry (their order ranges from year to year, but the list of the most performing areas has remained the same over the last few years).
According to in-depth analysis performed by the 2018 European Innovation Scoreboard (European Commission, 2019), which makes a comparative assessment of the EU R&D performance based on 27 indicators (2017 values), Romania accompanies its neighbor Bulgaria in the ranking's last category, Modest Innovators, since they display an aggregate index value below 50% of the EU average. As compared to the earlier versions of this yearly scoreboard, Romania falls behind Bulgaria in 2018 in its R&D performance and distances itself even more from the European average, showing the largest decline in the EU since 2010 (-30% in the 2018 innovation index compared to 2010). This is mainly determined by some major decreases of the indicators dealing with the human resource size, public and private R&D investment, innovative small and medium enterprises (SMEs) a.o.
These modest and far below expectations results suggest a bitter image of the current Romanian R&D area and come in contradiction with the fact that Romania has implemented in the last two decades some of the most up-to-date concepts and strategies in the field. Various internal and external analyzes and assessments carried out in recent years (some of the most important ones being cited in this paper) have consistently highlighted the weaknesses in this area, with numerous and multifaceted causes which, similarly to other former socialist countries, cannot be completely dissociated from the history of the last half of century.
The above mentioned analyzes consist mostly of various comparisons and connections between a series of inputs (such as the system dimensions, human resource, infrastructure, investments) and various output parameters (quantitative and qualitative productivity, regional national and international impact), at various geographical scales, over different periods of time, and lead to the same main conclusion: the Romanian R&D system faces a complex of shortcomings and malfunctions and performs well below its real value. Moreover, they cannot be properly corrected by the (timid) attempts of institutional and financial revival undertaken since early 2000s.
The current state of affairs is closely linked to the R&D system's overall structure and its underachieving management, which are undeniably associated with the chronic, inefficient and unequal sub-financing of the system, and the small dimensions of its human resources. These major flaws raise serious questions regarding the participation of the national R&D system to the sustainable development of Romania.
Some of the strong points in the area are generated by a handful of poles of excellenceperforming research entities based on highly qualified personnel and state-of-the-art infrastructure, stimulated by funding instruments under competitive conditions. The evolution of these research bodies is in many cases a natural consequence of solid traditions and significant human capital in certain areas of research. Their development was also supported by the activation of multidisciplinary research programs and consortia, stimulative actions for the entry level personnel, international mobility programs, awarding high quality research results (mainly ISI articles and patents). They have been added to the reestablishment of various ties with the ever-growing Romanian scientific diaspora and with the international academic environment, and, to a less extent, to the development of some industrial parks or centers, which have to build bridges with the innovation and application-driven research area.
This study briefly surveys some of the most relevant indicators and statistics in the field and builds the fundamentals of a more complex SWOT analysis of the Romanian R&D area. It highlights key interconnected aspects like research national policies, public and private funding, human resources, key players in the field, R&D output and infrastructure.
R&D GOVERNANCE
Without any major reorganization after 1989, the Romanian R&D system is made of several heterogeneous, insufficiently connected pieces of various sizes: former industry-driven, sector-based institutes nowadays called national research and development institutes (divided between the public and the private sector), research institutions belonging to the Romanian Academy, universities, and (mostly) small-scale private R&D bodies. The former were seriously affected in the transition period by the low public investment and sparse, if any, demand for their services and expertise (Russu, 2014) . The latter appeared in recent years as spinoffs, start-ups, NGOs or subsidiaries of multinational companies.
This particular organizational structure as compared to better performing countries in the field represents one major drawback of the system. For example, although Romanian higher education can be considered well developed, there are a relatively small number of universities which, on the basis of commonly accepted performance indicators, can be categorized as performing research entities. More specifically, there is currently no Romanian university that is in a top, decent position in the annual international rankings. Neither the national research and development institutes (often involved in struggles for survival) nor those belonging to the Romanian Academy (in both cases, with some precious exceptions) do not make a much better figure. Even if, at a first glance, they seem to build a diverse and flexible institutional model, one crucial weakness of these research bodies is the missing links in the connection with the national or European industry and the subsequent limited applicative potential of their research results. Placed in a larger volatile economic environment, this resulted in recent years in serious financial stability issues, almost half of the private R&D entities, most of them micro-and small-scale enterprises, disappearing from the market.
This unfavorable situation is doubled by a complex R&D governance system, with several institutions on multiple levels which are in charge of developing, implementing and evaluating the national strategy in the R&D field (renewed every four years) and need to aggregate and administer a heterogeneous and segregated system.
The strong points of the R&D governance are based on the experience capitalization of former national R&D plans, harmonization between national and EU legislation and the implementation of various European governance models, including a Smart Specialization Strategy.
However, the national strategy fails to deliver a general system of evaluation of all research actors and programs and lacks the legislative, financial or structural tools and incentives to prompt R&D activities and their application in the economy. Meanwhile, the overall R&D management is not able to deliver the multi-annual funding competitions promised by the strategy and suffers from low transparency, excessive bureaucracy and overregulation. Moreover, it displays huge gaps in terms of predictability and stability, fueled by often changes in terms of secondary legislation and institutional framework.
Nevertheless, the guilt must not be concentrated in one directionthe limited number of solid partnerships with the economic and social environment is also influenced by the insufficient involvement of the private sector in the financing of research and its reluctance towards technology intensive manufacturing.
As a consequence, there is a strong demand for a collaborative framework to ensure the proper environment for clustering and networking between public and private research, development and innovation.
R&D INVESTMENT
Most recent data available from the National Institute of Statistics (2019) show that the public GDP share allocated to R&D is the smallest in the last 10 years. This 0.17% GDP value, one of the smallest in the EU, follows a 4-years underfunding trend and is far behind the public R&D investment objective of 0.72%. The situation is all the more delicate since Romania has assumed a target of 2% in R&D investment (equally divided between the public and the private sector) when joining the general vision outlined in the Europe 2020 Strategy. The private sector doesn't perform better in this regard, being blocked in the 0.18-0.21% range in the last ten years. As a consequence, the research system can be considered chronically underfunded and the already limited financial resources are scattered across a wide, fragmented R&D system. Even if the current European R&D Program (Horizon 2020) has not yet finished, partial data provided by the Ministry of Research and Innovation suggest an improvement of the dimensions of the funds attracted from the EU budget through various competitions. As a positive fact, it has to be emphasized that much of these resources have been redirected towards the development of infrastructure and human resources in the field, a necessary complement for to national programs.
Romania's R&D intensity makes it often difficult for the research system to function properly and efficiently. Significant annual fluctuations of the public investment, cumulated with the system's inadequate or delayed response, make it difficult to establish a programmatic, effective and predictable evolution of the R&D area.
As mentioned before, the private investment in the R&D area is also well below the national targets and most of these resources are immobilized in the business sector (Romanian Statistical Yearbook 2018; European Commission, 2019), indicating towards a scarce and inefficient collaboration between the private and public sector and a low level of commercialization of applicative research results. These also point towards some missing links in the clustering and networking chain, since the R&D expenditure in the last 10 years show quite a large increase of the overall investment in applicative research and experimental development, which should be accompanied by some tangible results in terms of innovative products and technologies. 
HUMAN CAPITAL
One of the most important negative effects of the R&D status quo in the last three decades is the sever contraction of human capital: according to the National Statistics Institute data, the number of Romanian researchers (in full time equivalents) has dropped by more than 53% in the last 25 years. The decreasing trend was very sharp in the 1990s, experienced a short revival in the middle 2000s, and continued its descent after 2010, reaching a value around 17.5 thousands researchers in 2017.
As part of an overall Romanian migration process taking part in consecutive waves in the last three decades, a significant number of researchers (especially young people) have departed public or private R&D bodies abroad (Dospinescu, 2018) . It is worth noting that Romania is part of the group of countries that have the highest percentage of export of researchers, but it has an almost irrelevant percentage of invited researchers. On one side, the migration of young students (PhDs, postdoctoral students) and Romanian researchers in countries with superior performing R&D systems (especially in Europe and the USA) comes as a bitter confirmation of the quality of human capital in this area. The biggest problem is related to stopping and, afterwards, reversing this undesirable trendthe return of (part of) this valuable asset, unlikely under the current conditions, despite the efforts made in recent years in this respect (concretized mostly in tax exemptions and some wage increases).
On the other side, this solid brain drain phenomenon determines negative effects on the medium and long term and affects the performance, predictability and efficiency of the R&D system and overall economy, which already lacks skilled human resources. As a result, the national R&D human resource (in terms of total number of researchers in full time equivalents) is constantly around 30% of the EU average in the field, with no reasonable hopes of increasing (Chioncel, 2018) . When it comes to the R&D personnel as share among the active population, the situation is even worse. As a consequence, there is no surprise that the human capital experiences an unbalanced distribution among research areas and regions. The Bucharest-Ilfov region seems to suffer the least in this regard, but only because it concentrates roughly 40% of the national R&D entities.
Moreover, this process is doubled by some negative mutations in the active age rangeaccording to the same source, about 60% of active researchers are over 40which, linked to a lack of attractiveness of a research career for the early, young graduates, can easily lead to a phenomenon of senescence of the human resource in the field.
It can be observed that the number of so-called young researchers (under 25 or between 25 and 34 years old) has decreased with roughly 4 thousands persons in the last 10 years (with full centralized data), mostly due to the above-mentioned brain drain process. In addition, the 55-64 age group has also diminished in last years, due to the natural retirement of almost 2 thousands researchers in the last 10 years. 
SCIENTIFIC OUTPUT AND PERFORMANCE
The strengths and opportunities are more visible when it comes to the scientific output and performance, in terms of the quantity and quality of the results of the national R&D system. Although Romania's scientific and technological productivity is still reduced, or at least well below its potential, developments in the last 10 years show a growing trend above the European average.
A recent analysis of Scimago Journal & Country Rank data (a well-known online tool used to produce R&D productivity statistics worldwide, based on scientometric information provided by the Scopus database) shows Romania on the 43 rd place in the world in 2018 regarding the generated number of scientific documents, behind Thailand, New Zeeland and Ireland. Although this is a decrease as compared to the last 5 years scoreboards (36 th in 2013, 38 th in 2014 and 2015, 39 th in 2016, 42 nd in 2017), the output is quite high as compared to the investment (other countries, e.g. Hungary and Slovakia are placed after Romania, even if their R&D financing (GDP%) is superior). The 14.5 thousands scientific documents with Romanian affiliation from 2018 (quite close to the last 5 years average) represent 0.49% of the global scientific output and 6.17% of the region's productivity and places Romania 4 th in Eastern Europe (after the Russian Federation, Poland and the Czech Republic). 36.72% of these documents were the result of international collaboration (the highest value since 2007) and 24.25% represent open access output, thus increasing the overall visibility and access to the system's results.
When it comes to the quality of these results, as measured by means of the hindex, the same source places Romania on the 45 th position in the world and 6 th in Eastern Europe, mostly due to some traditionally performing scientific areas like: engineering, mathematics, chemistry and chemical engineering a.o.
According to the Eurostat classification criteria, the quality and visibility of these results is towards the end of an EU scoreboard but has improved as compared to 2007. For example, the % of Romanian scientific publications within the 1% most cited scientific publications worldwide has increased from 0.28% in 2007 to 0.39% in 2014 (last assessed year), while the % of Romanian scientific publications within the 10% most cited scientific publications worldwide has increased from 4.1% in 2007 to 4.6% in 2015 (last assessed year) (Burkhardt, 2018) .
There is a second indicator regarding the scientific output and performance of an R&D system, more close to the practical, innovation-and economical-linked productivity of research: the number of patents, in terms of patent applications and granted and published patents, their progress being presented in the figure below. A 10 years analysis regarding the evolution of this indicator displays a sharp reduction after 2011 and a slow recovery in 2017 of the submitted applications, each of these temporal milestones also generating a spike in the evolution of the scientific documents. A similar pattern was also for the granted patents, but in this case the last-known value (2017) is almost the same with the number of granted and published patents in 2010. Since these values are roughly with a third smaller as compared to the 2007-2009 period, the economic crisis seems to be one major cause of this fluctuation, especially in the case of private-funded or privatepartnerships driven research. In the same time, an undeveloped mechanism and infrastructure for knowledge and technology transfer, together with a poor communication and overall collaboration between R&D and industrial sector are to blame for these modest innovation-related results.
The European statistics (Eurostat, 2019) are quite different as compared to the national ones, Eurostat data showing a significant increase of the EPO patents (patent applications directed to the European Patent Office (EPO) or filed under the Patent Cooperation Treaty, regardless of whether they are granted or not) starting with 2011, perhaps a secondary explanation for the post-2011 decrease in the national ones. However, despite these positive results, the distance from the EU average is still large, a conclusion sustained by another EU indicatorpublicprivate co-publications per million population, which decreased from 5.6 in 2008 to only 2.3 in 2015. The frail connections between academia and the business area fueled by the conservative attitude of part of the R&D system, by the lack of private investments towards the public sector and by the absence of proper stimulative tools for a bothways dialogue and intellectual property rights absorptive capacity. There is also another important factor to blame for this situation: only 10.2% of the Romanian enterprises are considered to be innovative by national and European standards, 70% of these being small enterprises, and 21.9% medium ones.
CONCLUSIONS
Although Romania has made some improvements in the R&D field in the last years, the results are still modest and far below expectations, the country touching displeasing places among international scoreboards in terms of R&D investment, human capital and scientific output. The situation is based on a complex set of weaknesses and problems of the present R&D system and generates multifaceted challenges for its short and medium future and for the overall goal of placing innovation as the main driver of sustainable development and competitiveness.
A key challenge is represented by the heterogeneous and segregated organization of the research, development and innovation system governed by an overly bureaucratic and overregulated structure. This institutional framework has limited and unpredictable financial resources which are far from the targets assumed trough the national research strategy and way behind the EU R&D investment objectives.
Another important challenge refers to the insufficient dimensions and performance of the human resource, which is suffering from constant senescence and severe brain drain and is not able to fulfil its already established potential.
The third challenge is to eliminate the missing links of the networking chain between the research and business actors, to stimulate the involvement of the private sector in the financing of research and to boost the knowledge and technology transfer as to attain some tangible results in terms of innovative products and technologies.
